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This talk will relate this blob to DM production at a 
collider as directly and model independently as possible:

We hope to probe dark matter in several ways:

Probes of DM Interactions

q

DM DM

q

DM-nucleus scattering
q

q̄

DM

DM

DM annihilation

(Focus on direct 
detection in this talk.

similar games can 
be played for indirect)

q

q̄

DM

DM



Direct Detection
Direct detection places limits on                       .

Heroic effort with remarkable results.

DD has some weaknesses.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.

We gratefully acknowledge support from NSF, DOE,
SNF, Volkswagen Foundation, FCT, Région des Pays de
la Loire, STCSM, DFG, and Weizmann Institute of Sci-
ence. We are grateful to LNGS for hosting and support-
ing XENON.

∗
Electronic address: rafael.lang@astro.columbia.edu

†
Electronic address: marc.schumann@physik.uzh.ch

[1] G. Steigman and M. S. Turner, Nucl. Phys. B253, 375
(1985); G. Jungman, M. Kamionkowski, and K. Griest,

Phys. Rept. 267, 195 (1996).

[2] N. Jarosik et al., Astrophys. J. Suppl. 192, 14 (2011);

K. Nakamura et al. (Particle Data Group), J. Phys. G37,
075021 (2010).

[3] M. W. Goodman and E. Witten, Phys. Rev. D31, 3059
(1985).

[4] J. D. Lewin and P. F. Smith, Astropart. Phys. 6, 87

(1996).

[5] Z. Ahmed et al. (CDMS), Science 327, 1619 (2010).

[6] E. Armengaud et al. (EDELWEISS) (2011),

arXiv:1103.4070.
[7] E. Aprile et al. (XENON100), Phys. Rev. Lett. 105,

131302 (2010).

[8] E. Aprile et al. (XENON100) (2011), arXiv:1103.5831.
[9] E. Aprile et al., Phys. Rev. C79, 045807 (2009).

[10] E. Aprile et al. (XENON100) (2011), accepted by PRD,

arXiv:1101.3866.
[11] E. Aprile and T. Doke, Rev. Mod. Phys. 82, 2053 (2010).

[12] G. Plante et al. (2011), submitted to PRD and arXiv.

[13] F. Arneodo et al., Nucl. Instrum. Meth. A449, 147

(2000); D. Akimov et al., Phys. Lett. B524, 245 (2002);

R. Bernabei et al., Eur. Phys. J. direct C3, 11 (2001).

E. Aprile et al., Phys. Rev. D72, 072006 (2005). V. Che-

pel et al., Astropart. Phys. 26, 58 (2006). A. Manzur

et al., Phys. Rev. C81, 025808 (2010).

[14] E. Aprile et al., Phys. Rev. Lett. 97, 081302 (2006).

[15] E. Aprile et al. (XENON100) (2011), arXiv:1103.0303.
[16] S. Yellin, Phys. Rev. D66, 032005 (2002).

[17] O. Buchmueller et al. (2011), arXiv:1102.4585.
[18] C. E. Aalseth et al. (CoGeNT), Phys. Rev. Lett. 106,

131301 (2011).

[19] C. Savage et al., JCAP 0904, 010 (2009).



Collider Connections?
DM experiments and colliders are often said to be 
related in a specific framework (which happens to have a conference 

named after it) and certain priors.   If theorists work hard... 5

]2WIMP Mass [GeV/c

6 7 8 910 20 30 40 50 100 200 300 400 1000

]
2

W
IM

P
-N

u
c
le

o
n
 C

ro
ss

 S
e
c
ti

o
n
 [

c
m

-45
10

-4410

-43
10

-4210

-4110

-40
10

-39
10

]2WIMP Mass [GeV/c

6 7 8 910 20 30 40 50 100 200 300 400 1000

]
2

W
IM

P
-N

u
c
le

o
n
 C

ro
ss

 S
e
c
ti

o
n
 [

c
m

-45
10

-4410

-43
10

-4210

-4110

-40
10

-39
10

DAMA/I

DAMA/Na

CoGeNT

CDMS

EDELWEISS

XENON100 (2010)

XENON100 (2011)
Buchmueller et al.

FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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In order to get a particular DM-nucleon cross 

section,                     , we assume the existence of 
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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Operators
Describe DM interactions as higher DM operators 
(possibly mediated by light mediators)

strengths of these operators from the Tevatron mono-jet search. In Section 3 we will translate the

Tevatron bounds to limits on direct detection cross section for different dark matter scenarios. In

Section 4 we move on to introduce lighter mediators that are kinematically accesible at the Tevatron

and find that these can either slightly enhance or severely weaken the Tevatron bounds. In Section 5

we will discuss possible enhancements to the Tevatron dark matter search using the mono-jet pT

spectrum, and conclude.

2 Operators and mono-jets

Throughout this paper, we will assume a dark matter particle, χ, as a Dirac fermion. The operators

we will study are,

O1 =
i gχ gq

q2 −M2
(q̄q) (χ̄χ) ,

O2 =
i gχ gq

q2 −M2
(q̄γµq) (χ̄γ

µχ) ,

O3 =
i gχ gq

q2 −M2
(q̄γµγ5q) (χ̄γ

µγ5χ) ,

O4 =
i gχ gq

q2 −M2
(q̄γ5q) (χ̄γ5χ) , (3)

Here we take q = u, d, s and turn on each operator one at a time (but results for a flavor universal

operator will be easy to deduce). q2 is the exchanged momentum and the suppression scale M is

related to the mass of the particle whose exchange generates the four fermion operator.

This is a representative set of operators that will generate a variety of dark matter scattering

scenarios. Majorana dark matter will yield similar result (though for a Majorana spinor there are no

vector interactions). Initially we will assume that the mediator is heavy and integrate it out, but in

Section 4 we will discuss the effect of a light mediator. There are two additional operators χ̄σµνχFµν

and H†Hχ̄χ appearing up to the dimension six level. While they are less constrained at the Tevatron,

we leave their study and the study of operators involving the three heavy quark flavors to future work.

Operator O1 leads to spin-independent coupling between the DM and a nucleus and can be thought

of as arising from exchange of a scalar of mass M , O2 is similar but occurs through vector exchange.

Operator O3 is generated through axial-vector exchange and gives a spin-dependent coupling, and O4

could arise from exchange of a pseudo-scalar and gives a momentum dependent and spin-dependent

DM coupling. Various combinations of these operators may be also generated by madiators charged

under the SM such as squarks in supersymmetry.

3

SI, scalar exchange

SI, vector exchange

SD, axial-vector 
exchange

SD and mom. dep., 
psuedo-scalar exchange



Cross Sections
The direct detection cross section (                 ):

Mono-jet +         (                        ):  

χ

q

χ

q

1 Introduction

From astronomical and cosmological observations it is now clear that ∼ 25% of the matter-energy

content of the universe if made up by dark matter (DM). Although DM has so far only been observed

through its gravitational interactions the quest for a more direct observation of DM is taking place

simultaneously on many fronts. Indirect searches look for signals of standard model (SM) particle

production from DM annihilations in our galaxy, direct searches look for interactions of DM with SM

particles in underground detectors and colliders attempt to produce the DM and measure it. We will

concentrate here on direct detection and collider searches.

If dark matter is to be observed in direct detection searches it must couple to quarks or gluons 1.

The same couplings lead to direct DM production at hadronic colliders such as the Tevatron, and

we wish to investigate the connection between the two types of search. We will do so in a model

independent fashion [1]; we will assume that the DM is fermionic and that there is some massive state

whose exchange couples DM to quarks. The mediator may be a SM gauge boson, the Higgs or a new

particle (if the new particle is very heavy we can describe its effects with an effective contact operator).

Although the processes that give direct detection and those that give DM production occur through

s- and t-channel exchange of the same mediator, the regimes probed in the two types of experiment

are very different. The momentum exchange during a DM-nucleus recoil is ∼ 100 MeV whereas at the

Tevatron the typical momentum exchange is 10− 100 GeV. This leads to two interesting regimes to

consider when comparing bounds from the two types of experiments: heavy mediators M ! 100 GeV

and light mediators M " 100 GeV.

The momentum exchange at direct detection experiments is sufficiently low that for all but the

lightest mediators below O(100 MeV), which we do not consider here, the mediator can effectively be

integrated out and the scattering rate in both regimes scales as,

σDD ∼ g2
χ g2

q
µ2

M4
, (1)

where, for simplicity, we have ignored form factors and possible momentum and velocity dependence

in the cross section. Here, gχ and gq are couplings of the mediator to DM and quarks. µ is the reduced

mass of the DM-nucleon system.

In contrast the two regimes behave very differently at colliders. Concentrating on direct production

of a pair of DM particles and an initial state emission of a jet, we estimate the mono-jet + /ET

1DAMA and CDMS, which unlike other experiments are also sensitive to DM-electron recoils, are two exceptions to
this.

1

µ =
mχmN

mN + mχ

q χ

q̄ χ

production cross section in the two cases to be

σ1j ∼











αs g2
χ g2

q
1

p2
T

M ! 100 GeV ,

αs g2
χ g2

q
p2

T

M4 M " 100 GeV ,

(2)

where αs is the QCD coupling and pT is the transverse momentum of the jet. Thus, for the heavy

mediator case the production cross section at the Tevatron, where pT ∼ 100 GeV, is O(1000) times

larger than the direct detection cross section for µ ∼ 1 GeV when the DM is heavier than the nucleon

mass. The CDF mono-jet search [2] analysed ∼ 1 fb−1 and saw no significant discrepancy from the

SM, thus limiting the DM + mono-jet production cross section to be smaller than ∼ 500 fb. Due

to the factor of 1000 mentioned above, this will translate to bounds in the neighborhood of 0.5 fb in

direct detection experiments.

This is to be compared with direct detection current searches. Null results from experiments such

as CDMS [3], XENON[4, 5] and others, place strong constraints on the cross section of DM to recoil

from a nucleus, σ ! 10−3 − 10−4 fb for a 10-100 GeV WIMP scattering elastically through a spin

independent (SI) interaction. Thus, for this situation it seems that direct detection has greater reach.

However, due to the threshold to detect a DM recoil in these experiments there is a DM mass below

which these experiments are no longer sensitive, typically this lower bound is mχ ∼ 5− 10 GeV, there

is no such threshold in collider searches.

Furthermore, the DAMA collaboration [6] have observed a signal consistent with DM scattering

from NaI which is inconsistent with bounds on a standard WIMP from CDMS and other experiments.

This has motivated the introduction of non-standard DM scenarios that can make these seemingly

discrepant results consistent. The cross sections necessary to explain DAMA are considerably larger

than 10−3fb and may allow these scenarios to be probed directly at the Tevatron, due to the increase

in cross section described above. Another possibility that has been motivated both by DAMA and

the recent CoGeNT [7] excess is that dark matter is light, below about 10 GeV, and is thus transfers

small momenta to nuclei giving a signal near threshold. The Tevatron will place a strong bound for

dark matter particles below 5 GeV. Finally, spin-dependent (SD) WIMP-nucleus scatterings are not

coherent and therefore are not enhanced by an A2 factor. Typical bounds on a SD WIMP-proton

scatter from direct detection are ∼ 1 fb , and will be severely impacted by the mono-jet bounds

presented here.

We will begin our discussion with a model independent operator analysis, corresponding to very

heavy mediation particles (such as a heavy Z ′ or squarks). In Section 2 we will introduce some

representative four fermion operators supressed by a cutoff scale. We will then place limits on the

2

ET/

q ∼ 100 MeV

q ∼ 10 − 100 GeV



CDF: jet + MET   (1fb-1)

pT (j1) > 80 GeV

/ET > 80 GeV

pT (j2) < 30 GeV

pT (j3) < 20 GeV

Observed: 8449 events
Expected: 8663+-332

[http://www-cdf.fnal.gov/physics/exotic/r2a/20070322.monojet/public/ykk.html]

counting experiment:

http://www-cdf.fnal.gov/physics/exotic/r2a/20070322.monojet/public/ykk.html%5D
http://www-cdf.fnal.gov/physics/exotic/r2a/20070322.monojet/public/ykk.html%5D


Limits on               :
Operators are simple to implement.              
Limits on cutoff:
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Figure 1: The constraints on the cutoffs of different operators from the CDF mono-jet search data at
90% C.L..

2.1 Tevatron limits

The CDF collaboration has performed a search for one jet events with large missing transverse energy

using 1.1 fb−1 of data [2]. CDF considered events with a leading jet pT and missing transverse

energy both greater than 80 GeV. Events with a second jet with a pT < 30 GeV were included but

events with additional jets with transverse energy above 20 GeV were not. The number of observed

events was 8449, a slight deficit compared to an expected background of 8663±332. The standard

model backgrounds are dominated by Z+jet, W+jet with a missed lepton. QCD and “non-collision”

background events contribute subdominantly to the background, but due to their high uncertainty

they add a significant portion to the uncertainty of the background. The pT spectrum observed by

CDF compares well with the expected background, however since the background uncertainty was

only presented for the total number of events we will only use a simple counting experiment to place

4
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gχg1



Limits on               :

The limits are fairly flat in mass (up to ~200 GeV).

The limits are fairly independent of the operator 
structure. Strong SD constraints.

These limits apply to iDM - Tevatron doesn’t care 
about 100 keV splittings.

Λ ≡ M
√

gχg1
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Figure 2: Left panel: the constraints on the spin-indepedent DM-proton scattering cross section. The
projected Tevatron constraints for the up-type and vector coupling operator are shown in the dot-
dashed line. Relevant experimental bounds are shown as labeled. Right panel: the same as the left
panel but for the constraints on the spin-indepedent DM-neutron scattering cross section.

At low DM speed the leading contributions to the scattering cross section in each case are

σNq
1 =

µ2

πΛ4
B2

Nq , (6)

σNq
2 =

µ2

πΛ4
f2
Nq , (7)

where µ is the reduced mass of the dark matter-nucleon system. The Tevatron limits on spin inde-

pendent dark matter scattering for the various operators is shown in Figure 2. The recent results

from CoGeNT [7], CDMS [3] and DAMA [6] with and without channeling are also shown in Figure 2.

Note that the limits are slightly different for protons and neutrons simply because they are derived

from proton rather than neutron collisions. The up-type and vector coupling operator are the most

constrained operators. For dark matter with a mass below around 5 GeV, the mono-jet searches at

CDF provide the world-best spin-independent bound. In Fig. 2, we have also included a conservative

Tevatron projected limit (shown by the blue dot-dashed line) for the up-type operators, where both

CDF and DO are assumed to repeat the same analysis but using 8 fb−1 of data each. In principle,

one can improve this searches by including more bins with a higher jet pT .

3.2 Spin dependent

Models in which dark matter scattering is spin dependent are even more constrained by collider

experiments. This is because SD scattering is suppressed relative to SI at low momentum transfer,

7
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Figure 2: Left panel: the constraints on the spin-indepedent DM-proton scattering cross section. The
projected Tevatron constraints for the up-type and vector coupling operator are shown in the dot-
dashed line. Relevant experimental bounds are shown as labeled. Right panel: the same as the left
panel but for the constraints on the spin-indepedent DM-neutron scattering cross section.

At low DM speed the leading contributions to the scattering cross section in each case are

σNq
1 =

µ2

πΛ4
B2

Nq , (6)

σNq
2 =

µ2

πΛ4
f2
Nq , (7)

where µ is the reduced mass of the dark matter-nucleon system. The Tevatron limits on spin inde-

pendent dark matter scattering for the various operators is shown in Figure 2. The recent results

from CoGeNT [7], CDMS [3] and DAMA [6] with and without channeling are also shown in Figure 2.

Note that the limits are slightly different for protons and neutrons simply because they are derived

from proton rather than neutron collisions. The up-type and vector coupling operator are the most

constrained operators. For dark matter with a mass below around 5 GeV, the mono-jet searches at

CDF provide the world-best spin-independent bound. In Fig. 2, we have also included a conservative

Tevatron projected limit (shown by the blue dot-dashed line) for the up-type operators, where both

CDF and DO are assumed to repeat the same analysis but using 8 fb−1 of data each. In principle,

one can improve this searches by including more bins with a higher jet pT .

3.2 Spin dependent

Models in which dark matter scattering is spin dependent are even more constrained by collider

experiments. This is because SD scattering is suppressed relative to SI at low momentum transfer,
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Best SD Limits over 
a wide mass range.

strengths of these operators from the Tevatron mono-jet search. In Section 3 we will translate the

Tevatron bounds to limits on direct detection cross section for different dark matter scenarios. In

Section 4 we move on to introduce lighter mediators that are kinematically accesible at the Tevatron

and find that these can either slightly enhance or severely weaken the Tevatron bounds. In Section 5

we will discuss possible enhancements to the Tevatron dark matter search using the mono-jet pT

spectrum, and conclude.

2 Operators and mono-jets

Throughout this paper, we will assume a dark matter particle, χ, as a Dirac fermion. The operators

we will study are,

O1 =
i gχ gq

q2 −M2
(q̄q) (χ̄χ) ,

O2 =
i gχ gq

q2 −M2
(q̄γµq) (χ̄γ

µχ) ,

O3 =
i gχ gq

q2 −M2
(q̄γµγ5q) (χ̄γ

µγ5χ) ,

O4 =
i gχ gq

q2 −M2
(q̄γ5q) (χ̄γ5χ) , (3)

Here we take q = u, d, s and turn on each operator one at a time (but results for a flavor universal

operator will be easy to deduce). q2 is the exchanged momentum and the suppression scale M is

related to the mass of the particle whose exchange generates the four fermion operator.

This is a representative set of operators that will generate a variety of dark matter scattering

scenarios. Majorana dark matter will yield similar result (though for a Majorana spinor there are no

vector interactions). Initially we will assume that the mediator is heavy and integrate it out, but in

Section 4 we will discuss the effect of a light mediator. There are two additional operators χ̄σµνχFµν

and H†Hχ̄χ appearing up to the dimension six level. While they are less constrained at the Tevatron,

we leave their study and the study of operators involving the three heavy quark flavors to future work.

Operator O1 leads to spin-independent coupling between the DM and a nucleus and can be thought

of as arising from exchange of a scalar of mass M , O2 is similar but occurs through vector exchange.

Operator O3 is generated through axial-vector exchange and gives a spin-dependent coupling, and O4

could arise from exchange of a pseudo-scalar and gives a momentum dependent and spin-dependent

DM coupling. Various combinations of these operators may be also generated by madiators charged

under the SM such as squarks in supersymmetry.

3

A dedicated CDF 
analysis underway!

(ATLAS and CMS too...)
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Figure 5: Left panel: constraints on the spin-independent DM-neutron scattering cross sections for
different mediator masses. Right panel: the same as the left panel but for the constraints on the
spin-depedent DM-neutron scattering cross section.

It should be emphasized however, that all of these models may escape the Tevatron bound if the

interaction of the thermal relic with matter is mediated by a light state, as we shall see below. One

may turn this statement around to conclude that if a dark matter model is directly detected in a

region that violates the collider bound, then the dark sector is not only a DM state, but contains a

new light mediator through which the DM interacts with the standard model.

4 Constraints on light mediators

In placing the bounds in the previous sections we have imagined that the only accessible state from the

dark sector is the DM itself, all other states associated with the dark sector are heavy [29]. However,

for certain operators the cutoff scale, shown in Figure 1, is low enough to be probed at the Tevatron.

In these situations it may be possible to produce the mediator that generates the four fermion operator

directly. If the mediator couplings with the SM and the dark sector are weak, i.e. ≤ O(1), then the

mediator mass is lower than the cutoff scale shown in Figure 1, further motivating consideration of

mediators within the Tevatron’s reach. Furthermore, recent cosmic ray excesses may be explained by

a dark sector that contains a light mediator, M ∼ 1 GeV, see for instance [30].

As discussed in the introduction, the ratio of the direct detection cross section to the mono-jet

production cross section is proportional to 1/M4 when the mediator is light. So, as the mediator

mass decreases, the constraints on the dark matter direct-detection from the mono-jet searches be-

come weaker. For a sufficiently light weakly coupled mediator that satisfies the mono-jet bound

11
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Light Mediators

1 Introduction

From astronomical and cosmological observations it is now clear that ∼ 25% of the matter-energy

content of the universe if made up by dark matter (DM). Although DM has so far only been observed

through its gravitational interactions the quest for a more direct observation of DM is taking place

simultaneously on many fronts. Indirect searches look for signals of standard model (SM) particle

production from DM annihilations in our galaxy, direct searches look for interactions of DM with SM

particles in underground detectors and colliders attempt to produce the DM and measure it. We will

concentrate here on direct detection and collider searches.

If dark matter is to be observed in direct detection searches it must couple to quarks or gluons 1.

The same couplings lead to direct DM production at hadronic colliders such as the Tevatron, and

we wish to investigate the connection between the two types of search. We will do so in a model

independent fashion [1]; we will assume that the DM is fermionic and that there is some massive state

whose exchange couples DM to quarks. The mediator may be a SM gauge boson, the Higgs or a new

particle (if the new particle is very heavy we can describe its effects with an effective contact operator).

Although the processes that give direct detection and those that give DM production occur through

s- and t-channel exchange of the same mediator, the regimes probed in the two types of experiment

are very different. The momentum exchange during a DM-nucleus recoil is ∼ 100 MeV whereas at the

Tevatron the typical momentum exchange is 10− 100 GeV. This leads to two interesting regimes to

consider when comparing bounds from the two types of experiments: heavy mediators M ! 100 GeV

and light mediators M " 100 GeV.

The momentum exchange at direct detection experiments is sufficiently low that for all but the

lightest mediators below O(100 MeV), which we do not consider here, the mediator can effectively be

integrated out and the scattering rate in both regimes scales as,

σDD ∼ g2
χ g2

q
µ2

M4
, (1)

where, for simplicity, we have ignored form factors and possible momentum and velocity dependence

in the cross section. Here, gχ and gq are couplings of the mediator to DM and quarks. µ is the reduced

mass of the DM-nucleon system.

In contrast the two regimes behave very differently at colliders. Concentrating on direct production

of a pair of DM particles and an initial state emission of a jet, we estimate the mono-jet + /ET

1DAMA and CDMS, which unlike other experiments are also sensitive to DM-electron recoils, are two exceptions to
this.

1

σ1j ∼ αsg
2

χg
2

q

1

p2

T

M

M4

SI

on-shell mediator

Collider limit is lost 
for light mediators.

Direct detection 
discovery in conflict 
with LHC searches 
= discovery of light 

mediator...!?
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LHC Mono-jets
Both CMS and ATLAS have several mono-jet searches:

Yu-hsin’s talk:
the various LHC mono-jet analyses and how they may be improved!

(in ~30 minutes, after “Dark Matter Beams”, also recommended!)
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Mono-something!
We can probe DM-SM interactions further with 
other “mono-somethings”.

Mono-photon at LHC. First CMS study out.

Mono-photon at LEP! For DM-lepton interactions. 

Mono-top in MFV (kamenik and Zupan).

In many models DM couples via the Higgs.     
Mono-Z (and VBF) may be sensitive to this.

χ

χ

Z0

Invisible Higgs searches can 
be interpreted as “direct 
detection” experiments!



LEP Mono-photon
Use spectrum shape to reject background peak.4
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Figure 1: Distribution of normalized photon energy in single-photon events at DELPHI. The agreement

between the data (black dots with error bars) and both the full DELPHI Monte Carlo (solid yellow/light

gray shaded histogram) as well as our CompHEP simulation (dotted histogram) is excellent. The blue

shaded histogram shows what a hypothetical Dark Matter signal from e+e− → γχ̄χ would look like. We

have assumed vector-type contact interactions between electrons and dark matter, mχ = 10 GeV, and

Λ = 300 GeV, see eq. (1). The peak at xγ ∼ 0.8 corresponds to the process e+e− → γZ0 → γνν̄, with an

on-shell Z0
.

3. LEP LIMITS ON THE EFFECTIVE DARK MATTER–ELECTRON COUPLING

In this section we will consider the operators (1)–(4) and derive limits on their suppression scale

Λ from mono-photon searches at LEP. While all four LEP-detectors have studied single photon

events [17], we will here focus on data from the DELPHI experiment [18, 19], for which we were

best able to simulate the detector response. The data was taken at center of mass energies between

180 GeV and 209 GeV, but since in the analysis the events are characterized only by the relative

photon energy xγ = Eγ/Ebeam, we can make the simplifying assumption that all data was taken at

an energy of 100 GeV per beam. We have checked that the error introduced by this approximation

is small. For our Monte Carlo simulations, we use CompHEP [20, 21], which allows us to include

the effect of initial state radiation (ISR) which we find to be non-negligible. For example, we are

only able to reproduce the height and width of the on-shell Z0
peak in the xγ distribution for the

background process e+e− → γνν̄ (cf. Figure 1) if ISR is included.

To analyze the event samples generated in CompHEP, we use a modified version of MadAnaly-

sis [22], in which we have implemented the analysis cuts and efficiencies of the DELPHI analysis as

well as energy smearing according to the resolution of the DELPHI electromagnetic calorimeters.

In doing so, we closely follow ref. [18].

In DELPHI, central photons with a polar angle θ (with respect to the beam axis) in the range

45
◦ < θ < 135

◦
are detected in the High Density Projection Chamber (HPC) with a threshold

of xγ > 0.06. We assume the trigger efficiency for photons in the HPC to increase linearly from

52% at Eγ = 6 GeV to 77% at 30 GeV, and then to 84% at 100 GeV. The trigger efficiency is

multiplied by the efficiency of the subsequent analysis, which we assume to increase linearly from

41% at 6 GeV to 78% at 80 GeV and above.

For photons with 12
◦ < θ < 32

◦
, detected in the Forward Electromagnetic Calorimeter (FEMC),

on-shell Z+photon

w/ Fox, Kopp and Tsai  
arXiv:1103.0240



LEP and Indirect Searches
DM couplings to leptons is also probed by Fermi:
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Figure 3: DELPHI upper limits (thick lines) on the cross section for dark matter-nucleon scattering compared
to results from direct detection experiments (thin lines and shaded regions). The left-hand plot is for spin-
independent scattering, as would come from operators OS , OV , Ot, and the right is for spin-dependent
scattering through operator OA. The spin-independent limits of CDMS and XENON-100 are taken from
Refs. [30] and [31], respectively. The spin-dependent limits of DAMA, XENON-10, PICASSO, COUPP
and SIMPLE are taken from Refs. [10], [32], [33], [34] and [35], respectively. The DAMA and CoGeNT-
allowed regions are based on our own fit [36] to the data from Refs. [10] and [11]. Following [37], we have
conservatively assumed large systematic uncertainties on the DAMA quenching factors: qNa = 0.3± 0.1 for
sodium and qI = 0.09 ± 0.03 for iodine. All limits are computed at the 90% confidence level, while the
DAMA and CoGeNT allowed regions are shown at the 90% and 3σ confidence levels.

scattering (left-hand plot) are competitive with direct detection results only for very light dark
matter, mχ � 4 GeV. The direct detection experiments become insensitive to such light masses
due to their energy threshold, whereas there is no such low mass threshold at LEP. The high
mass cutoff at LEP is reflected in the rapid deterioration of the upper bound at mχ ∼ 90 GeV.
The LEP bound also applies directly to inelastic dark matter [38], since the splitting between the
two dark matter states of ∼ 100 keV is inconsequential to the kinematics at LEP. However, such
models typically require considerably larger dark matter-nucleon cross sections than elastic dark
matter, since the splitting allows only the high velocity fraction of the dark matter to scatter. Our
bounds derived from LEP rule out the very highest scattering cross sections in the parameter space
consistent with DAMA [36], but still leave the bulk of the parameter space allowed.

For spin-dependent scattering we expect the LEP bounds to be more competitive since there is
little variation in the bound on Λ between the operators responsible for spin-independent scatter-
ing (OV and OS) and spin-dependent scattering (OA), whereas constraints from direct detection
experiments are much weaker than in the spin-independent case. The reason for this is that, unlike
spin-independent dark matter-nucleus scattering, spin-dependent scattering is not enhanced by a
factor A2, where A is the nuclear mass number. These considerations are reflected in the right-hand
plot of Figure 3 where the LEP limits surpass direct detection constraints for mχ � 80 GeV at
which point the phase space for dark matter production at LEP again starts to shrink.

If dark matter does not couple to quarks at tree level, but only to leptons (for simplicity we
assume the coupling to µ and τ is the same as that to e, our conclusions are not significantly altered
even if the coupling were only to electrons), the power of the LEP limits improves dramatically.
The reason is that in this case, dark matter-quark scattering to which direct detection experiments
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Figure 5: DELPHI upper limits on the cross section for spin-independent dark matter–nucleon scattering
for the case of dark matter with tree level couplings only to electrons, but loop level couplings also to
quarks, compared to results from the direct detection experiments DAMA [10], CoGeNT [11], CDMS [30],
and XENON-100 [31]. The DAMA and CoGeNT allowed regions are based on our own fit [36] to the data
from refs. [10, 11]. We conservatively assume qNa = 0.3± 0.1 and qI = 0.09± 0.03 for the DAMA quenching
factors. All limits are computed at the 90% confidence level, while the DAMA and CoGeNT allowed regions
are shown at the 90% and 3σ confidence levels.

and suppressed by two loops for s-channel scalar interactions [8], we consider only the vector-type
operator OV and the scalar t-channel operator Ot. As before, we apply the Fierz identity to Ot to
decompose the operator into a linear combination of s-channel operators, of which we keep only the
vector contribution. As is apparent from Figure 5, an explanation of the DAMA and/or CoGeNT
signal by a dominantly leptophilic dark matter candidate which couples to nuclei only through
loops is ruled out by LEP.

Here we only considered two benchmark cases, where dark matter couples universally to SM
fermions and when it couples only to leptons. Constraining a more general theory with a particular
ratio of quark to lepton couplings, Rq/l, is straightforward. In this more general case nuclear recoil
proceeds via both mechanisms, direct couplings to quarks and via a lepton loop. The limit on
the former may be obtained by rescaling the bounds of Figure 3 by R2

q/l, whereas the limit on the
latter may be taken directly from Figure 5. Generically one of these limits will dominate the other
over the full dark matter mass range, and the less constraining bound should be taken.

5. LIMITS ON THE DARK MATTER ANNIHILATION CROSS SECTION

The LEP constraints on the suppression scale Λ of the effective dark matter couplings can
also be converted to an upper bound on the annihilation cross section of dark matter into an
electron-positron pair. They can then be compared to results from astrophysical probes of dark
matter annihilation. Moreover, if dark matter is a thermal relic and if annihilation into electrons
and positrons is the dominant annihilation channel, a lower bound on the dark matter abundance
in the universe can be derived. If dark matter has also other annihilation modes, this bound is
weakened by a factor 1/BR(χ̄χ → e+e−).
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�−

�−

γ

χ

χ

p+

p+

Figure 4: Diagram for vector-type dark matter-proton scattering at the one-loop level.

are sensitive is only induced at the loop-level [8].
4
The cross section for loop-induced dark matter-

proton scattering through the diagram shown in Figure 4 is

σ1−loop �
4α2µ2

p

182π3Λ4
·
� �

�=e,µ,τ

f(q2,m�)

�2
, (5)

where α is the electromagnetic fine structure constant, µp = mpmχ/(mp+mχ) is the dark matter-

proton reduced mass, and the loop factor f(q2,m�) is given by

f(q2,m�) =
1

q2

�
5q2 + 12m2

� + 6(q2 + 2m2
� )

�

1−
4m2

�

q2
arcoth

��

1−
4m2

�

q2

�
− 3q2 log

�
m2

�/Λ
2
ren

��
.

(6)

We take the renormalization scale Λren to be equal to Λ. Moreover, we make the approximation

that all the dark matter is moving at the local escape velocity, which we take to be vχ = 500 km/sec,

and that the momentum exchanged in the scattering is maximal, i.e. the scattering angle is 180
◦

in the center-of-momentum frame. This will overestimate the rate of observed recoils at a direct

detection experiment and will lead to a conservative upper bound. With these assumptions the

four-momentum exchanged between the dark matter and the target nucleus is q2 = −4µ2v2χ, where
µ is the invariant mass of the dark matter particle and the target nucleus.

The bounds on dark matter-nucleon cross sections quoted by direct detection experiments are

derived from the actually measured dark matter-nucleus cross sections under the assumption that

the dark matter couples equally to protons and neutrons and that the cross section is independent

of q2. Here, however, it only couples to protons and there is a q2 dependence in the loop factor

f(q2,m�). Thus, to enable a straight comparison, we rescale the quoted bounds on σp by A2/Z2 ×
(
�

� f(q
2
p,m�)/

�
� f(q

2/m�))
2
, with q2p = −4µ2

pv
2
χ; and we take Λren = 500 GeV, the result is only

very weakly sensitive to this choice. Note that (5) and (6) are only approximations in the effective
theory formalism. The exact form of the loop factor depends on the embedding of the effective
theory into a complete renormalizable model.

In Figure 5 we show the LEP bounds on dark matter in the absence of tree-level couplings to

quarks. Since loop-induced dark matter-nucleon scattering is forbidden for axial-vector interactions

4 Dark matter-electron scattering is irrelevant in all direct detection experiments including DAMA [8] and Co-
GeNT [9]. Even though DAMA and CoGeNT would not reject bulk electron recoils as background, kinematics
dictates that the recoil energy can only be above the detection threshold if the electron enters the interaction with
an initial state momentum � 10 MeV. The probability for this is very small due to the fast drop-off of the electron
wave functions at high momentum [5, 8, 9].
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To Conclude:
Colliders are placing competitive and 
complementary bounds to direct detection:

The Tevatron is the world record holder for light 
dark matter and for spin dependent.

Dedicated CDF, CMS, ATLAS mono-jet studies  are 
underway. 

LEP mono-photons provide strong constraints.

The LHC can also be competitive in the case of 
scattering through the Higgs. May identify the 
the Higgs as the mediator.
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Future
Shape:

A dedicated analysis may be more powerful.

CDF is working on a dedicated analysis!

So are CMS and ATLAS!       

Mono-photon is also be interesting, complementary.
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Figure 7: (a) Comparisons of the shapes of the signal, the SM background and CDF measured events.
The SM predictions are shown in the green and the CDF observed data are shown in red. (b)
Comparisons of simulated signal events from two different Monte-Carlo tools and for the parton and
the particle levels. The cutoff Λ ≡ M/

√
gχgq is chosen to be 1 TeV.

more powerful bounds. Furthermore, a bound may be extracted from mono-photon events, although

at hadron colliders this is subdominant to the one we consider. We show the spectral shape of the

signal compared to the background in Figure 7(a). We find that the signal spectrum is somewhat

harder than the background, especially when the messenger mass is much higher than the dark matter

mass. We find that including showering, hadronization (using Pythia [31]) and a detector simulation

(PGS [32]) does not change the signal shape significantly, particularly above 100 GeV, as is shown in

Figure 7(b). This may allow us to place tighter constraints using a multi-bin analysis as compared

with a simple counting experiment, since signal predicts more deviations in high pT bins. However,

this would require knowledge of the theoretical uncertainty on a bin-by-bin basis which is not presently

available.

In this work we show that the Tevatron mono-jet search places competitive bounds on dark matter-

nucleus cross sections relevant for direct detection experiments. In particular, the Tevatron limits are

the current world-best for light dark matter, below a mass of 5 GeV. The Tevatron also sets the best

limit spin dependent dark matter scattering. Various models built to explain the DAMA modulation

signal such as inelastic and exothermic dark matter are also constrained by current Tevatron searches.

In addition to considering dark matter that couples to quarks via contact interactions we have taken

the possibility of light mediators, as motivated by cosmic ray excesses [30] into account. We find that

14



LEP
Directly constrain DM coupling to electrons.

But, in many models quark and lepton coupling 
are related (consider 2 benchmarks). 

LEP is a clean environment. Ability to measure 
missing mass.

Places non-trivial limits also on indirect searches in 
lepton channels (e.g. the Hooperon). 



Mono-photon
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Figure 1: Distribution of normalized photon energy in single-photon events at DELPHI. The agreement

between the data (black dots with error bars) and both the full DELPHI Monte Carlo (solid yellow/light

gray shaded histogram) as well as our CompHEP simulation (dotted histogram) is excellent. The blue

shaded histogram shows what a hypothetical Dark Matter signal from e+e− → γχ̄χ would look like. We

have assumed vector-type contact interactions between electrons and dark matter, mχ = 10 GeV, and

Λ = 300 GeV, see eq. (1). The peak at xγ ∼ 0.8 corresponds to the process e+e− → γZ0 → γνν̄, with an

on-shell Z0
.

3. LEP LIMITS ON THE EFFECTIVE DARK MATTER–ELECTRON COUPLING

In this section we will consider the operators (1)–(4) and derive limits on their suppression scale

Λ from mono-photon searches at LEP. While all four LEP-detectors have studied single photon

events [17], we will here focus on data from the DELPHI experiment [18, 19], for which we were

best able to simulate the detector response. The data was taken at center of mass energies between

180 GeV and 209 GeV, but since in the analysis the events are characterized only by the relative

photon energy xγ = Eγ/Ebeam, we can make the simplifying assumption that all data was taken at

an energy of 100 GeV per beam. We have checked that the error introduced by this approximation

is small. For our Monte Carlo simulations, we use CompHEP [20, 21], which allows us to include

the effect of initial state radiation (ISR) which we find to be non-negligible. For example, we are

only able to reproduce the height and width of the on-shell Z0
peak in the xγ distribution for the

background process e+e− → γνν̄ (cf. Figure 1) if ISR is included.

To analyze the event samples generated in CompHEP, we use a modified version of MadAnaly-

sis [22], in which we have implemented the analysis cuts and efficiencies of the DELPHI analysis as

well as energy smearing according to the resolution of the DELPHI electromagnetic calorimeters.

In doing so, we closely follow ref. [18].

In DELPHI, central photons with a polar angle θ (with respect to the beam axis) in the range

45
◦ < θ < 135

◦
are detected in the High Density Projection Chamber (HPC) with a threshold

of xγ > 0.06. We assume the trigger efficiency for photons in the HPC to increase linearly from

52% at Eγ = 6 GeV to 77% at 30 GeV, and then to 84% at 100 GeV. The trigger efficiency is

multiplied by the efficiency of the subsequent analysis, which we assume to increase linearly from

41% at 6 GeV to 78% at 80 GeV and above.

For photons with 12
◦ < θ < 32

◦
, detected in the Forward Electromagnetic Calorimeter (FEMC),

on-shell Z+photon
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CDF: jet + MET   (1fb-1)

pT (j1) > 80 GeV

/ET > 80 GeV

pT (j2) < 30 GeV

pT (j3) < 20 GeV

Observed: 8449 events

[http://www-cdf.fnal.gov/physics/exotic/r2a/20070322.monojet/public/ykk.html]

counting experiment:

http://www-cdf.fnal.gov/physics/exotic/r2a/20070322.monojet/public/ykk.html%5D
http://www-cdf.fnal.gov/physics/exotic/r2a/20070322.monojet/public/ykk.html%5D
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Collider Connections?
DM experiments and colliders are often said to be 
related in a specific framework (SUSY). 5
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].
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account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
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The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-
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where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.

We gratefully acknowledge support from NSF, DOE,
SNF, Volkswagen Foundation, FCT, Région des Pays de
la Loire, STCSM, DFG, and Weizmann Institute of Sci-
ence. We are grateful to LNGS for hosting and support-
ing XENON.

∗
Electronic address: rafael.lang@astro.columbia.edu

†
Electronic address: marc.schumann@physik.uzh.ch

[1] G. Steigman and M. S. Turner, Nucl. Phys. B253, 375
(1985); G. Jungman, M. Kamionkowski, and K. Griest,

Phys. Rept. 267, 195 (1996).

[2] N. Jarosik et al., Astrophys. J. Suppl. 192, 14 (2011);

K. Nakamura et al. (Particle Data Group), J. Phys. G37,
075021 (2010).

[3] M. W. Goodman and E. Witten, Phys. Rev. D31, 3059
(1985).

[4] J. D. Lewin and P. F. Smith, Astropart. Phys. 6, 87

(1996).

[5] Z. Ahmed et al. (CDMS), Science 327, 1619 (2010).

[6] E. Armengaud et al. (EDELWEISS) (2011),

arXiv:1103.4070.
[7] E. Aprile et al. (XENON100), Phys. Rev. Lett. 105,

131302 (2010).

[8] E. Aprile et al. (XENON100) (2011), arXiv:1103.5831.
[9] E. Aprile et al., Phys. Rev. C79, 045807 (2009).

[10] E. Aprile et al. (XENON100) (2011), accepted by PRD,

arXiv:1101.3866.
[11] E. Aprile and T. Doke, Rev. Mod. Phys. 82, 2053 (2010).

[12] G. Plante et al. (2011), submitted to PRD and arXiv.

[13] F. Arneodo et al., Nucl. Instrum. Meth. A449, 147

(2000); D. Akimov et al., Phys. Lett. B524, 245 (2002);

R. Bernabei et al., Eur. Phys. J. direct C3, 11 (2001).

E. Aprile et al., Phys. Rev. D72, 072006 (2005). V. Che-

pel et al., Astropart. Phys. 26, 58 (2006). A. Manzur

et al., Phys. Rev. C81, 025808 (2010).

[14] E. Aprile et al., Phys. Rev. Lett. 97, 081302 (2006).

[15] E. Aprile et al. (XENON100) (2011), arXiv:1103.0303.
[16] S. Yellin, Phys. Rev. D66, 032005 (2002).

[17] O. Buchmueller et al. (2011), arXiv:1102.4585.
[18] C. E. Aalseth et al. (CoGeNT), Phys. Rev. Lett. 106,

131301 (2011).

[19] C. Savage et al., JCAP 0904, 010 (2009).

jets + MET

{

same-sign
di-leptons

+MET

tri-leptons+
jets + MET

“XENON100 is starting to probe the MSSM’s pseudopod, 
LHC killed the Membrane, but the ectoplasm  is still safe.” [nature 67, 143 (2011)]

XE
NO
N1
00


